Ezrin/radixin/moesin proteins link the actin cytoskeleton to the plasma membrane. Two new reports have found that moesin phosphorylation is essential for mitotic cell rounding and identify a new role for cell rounding in spindle assembly.
The muscle proteins of the cell -actin and myosin II -are usually credited for the force behind all cell movements and shape changes. However, recent work suggests that phosphorylation of moesin, an actin-binding protein, is sufficient to cause rounding of cells and efficient mitotic spindle assembly [1, 2] . These studies suggest a new paradigm for a non-motor protein causing cell-shape change. Additionally, both groups find that cell rounding by moesin phosphorylation is necessary for stabilizing and aligning the metaphase spindle.
Moesin is a member of the ezrin/radixin/moesin (ERM) family of actin-binding proteins that crosslink the actin cortex to the plasma membrane. Moesin, like other ERM proteins, adopts a closed, inactive state when not phosphorylated. Upon phosphorylation by the Ste20 protein kinase Slik [3] , it adopts an open conformation, allowing the carboxy-terminal tail domain to bind actin and the amino-terminal domain to bind a membrane-binding protein [4] (Figure 1 inset) . Understanding the cellular function of ERM proteins has been challenging in mammals because of their functional redundancy. To circumvent this problem, researchers have recently probed ERM function using mutants or RNAi in Drosophila, given that flies have only one member of this family -moesin [5] . Kunda et al. [1] and Carreno et al. [2] studied the role of moesin in mitosis using RNAi in Drosophila S2 cells, in which live-imaging analysis of cell-shape changes is possible.
Both papers show that moesin, in its phosphorylated form, is essential for cell rounding during mitosis. Previous studies had reported that mitotic cell rounding requires Rho and its effector Rho kinase (ROCK) [6] , suggesting a role for the ROCK target myosin II in cell rounding. However, inhibition of ROCK only partially disrupts mitotic cell rounding [1, 6, 7] . Thus, the studies on moesin suggest a missing layer to the mechanism of cell rounding. Using phospho-specific antibodies to moesin, both groups found that phosphorylated moesin accumulates at the mitotic Drosophila cell cortex as it rounds. As the cell lengthens during anaphase, phospho-moesin vanishes from the poles and enriches, along with myosin II, at the presumptive division site just before cytokinesis. Both groups found that loss of moesin or loss of its phosphorylation via RNAi knockdown of either moesin or Slik, respectively, disrupted cell rounding and caused cells to bleb uncontrollably. Using atomic force microscopy to probe cell stiffness, Kunda et al. [1] found that, while the surfaces of control cells stiffen during mitosis, cells lacking moesin remain soft. Additionally, interphase cells, which are normally flat, become round if they express a phospho-mimetic moesin (T559D) mutant, indicating that moesin phosphorylation is sufficient to induce cell rounding [1] . This rounding was not dependent on myosin II because cells expressing moesin T559D but lacking myosin II light chain (MLC) were still able to undergo rounding. Although myosin II may collaborate during mitotic cell rounding, the fact that moesin phosphorylation on its own can lead to rounding suggests that a phosphorylation-dependent conformational change in moesin enables it to crosslink the plasma membrane with the actin cortex, stiffening and rounding the cell (Figure 1) .
Why do cells round up at mitosis? For as long as researchers have been studying mitosis, they have noticed that cells round during this process, yet have never understood the function of cell rounding. Although blocking ROCK or myosin II partially disrupts cell rounding, it also blocks a process called cortical flow -the directional movement of the cortex. During prometaphase, astral microtubules attach to this moving cortex to help separate the two asters of the forming spindle [7] . Therefore, it was not possible to selectively probe the function of cell rounding at mitosis until this independent role for moesin phosphorylation was identified. Both groups found that cell rounding helped stabilize spindle assembly: spindles in cells lacking moesin stalled in metaphase, vacillating dramatically with aberrant morphology. One Moesin (pale blue) binds intramolecularly when inactive (left). Upon phosphorylation by Slik kinase, moesin changes its conformation (left, inset), so that the amino terminus binds a membrane protein (grey) and the carboxyl terminus binds actin filaments (red). By crosslinking the actin cortex to the plasma membrane, moesin helps stiffen and round the cell (right). This shape change stabilizes the attachment of astral microtubules (green) to the cortex by an unknown mechanism (denoted by ?) and thereby also stabilizes the mitotic spindle morphology (dark blue) and its position within the cell.
possible explanation for this spindle phenotype is that, without phosphorylated moesin, astral microtubules can no longer contact the cortex or use cortical flow to separate the two asters of the spindle. Spindles would then be rescued by self-assembly mechanisms. This rescue could account for the stall in metaphase and the apparent coalescence of extra asters to form de novo spindle poles, as seen by live-cell imaging. Intriguingly, spindle stability is not dependent on moesin activity per se but on the shape of the mitotic cell, since Kunda et al. [1] found that unstable metaphase spindles in cells lacking moesin could be rescued by artificially rounding the cells via the addition of the tetravalent lectin to the cell surface. This work suggests that a rounded cortex helps stabilize and position a mitotic spindle within the cell. Although a stiff, rounded cortex stabilizes the spindle, it is not clear how it does so. Because artificial rounding without moesin can also stabilize spindles, it is unlikely that moesin directly stabilizes the microtubules of the spindle. Induced membrane curvature could potentially expose specific lipids on the intracellular face of the plasma membrane. For instance, phosphatidylinositol-3,4, 5-triphosphate (PIP 3 ) has previously been found to bind and stabilize microtubules through a complex containing the microtubule-stabilizing protein CLASP and the CLASP-binding proteins LL5ß, and ELKS [8] . Thus, PIP 3 or other lipids could help stabilize the astral microtubules during mitosis. Alternatively, microtubule-stabilizing protein complexes that also associate with the cortex or plasma membrane, such as dynactin or CLASPs (see [9] for review), may prefer binding to curved surfaces.
Another key question is how actin-moesin and actin-myosin II might collaborate with each other. Neither separate knockdown of moesin or MLC completely abolishes cell rounding; moesin loss produced spiky or blebbing mitotic cells, whereas MLC loss produced cells with ruffling membranes. One possibility is that moesin helps align actin filaments into a conformation that enables myosin II to contract efficiently, like lining up tracks for a train ( Figure 2B ). This model is supported by the fact that moesin localizes to sites of myosin II contraction during mitosis and cytokinesis and that moesin mutations exacerbate cytokinesis defects in a MLC mutant [2] . Alternatively, moesin could limit myosin II activity. Moesin inactivates Rho activity in the Drosophila imaginal disc epithelium [10] . Furthermore, the uncontrolled blebbing in cells lacking moesin may be due to overactive myosin contraction, similar to apoptotic cell blebbing resulting from caspase-cleaved, constitutively active ROCK [11, 12] . In this way, moesin-mediated dampening of myosin activity may fine-tune myosin contraction, reducing blebbing and encouraging isometric contraction ( Figure 2C ). These models, however, are not mutually exclusive, as moesin might play both a structural and a regulatory role during cell rounding (Figure 2A) .
Although the studies of moesin's role in cell rounding were carried out on cells in culture, its function in mitosis is likely to be relevant to cells within tissue, because moesin mutations led to cell-division defects in fly larval testes [2] . Mitotic defects may account for the link with moesin misregulation in cancers that have poor prognosis (Oncomine data found from www. oncomine.org and [13] Figure 2 . Models for moesin-mediated regulation of actin and myosin II contraction.
(A) Moesin (pale blue) could collaborate with myosin II (green) by either aligning actin filaments (red), enabling myosin II to contract isometrically at the cortex, or by inhibiting Rho-mediated regulation of myosin II activity, dampening contraction. Loss of moesin may alter the organization of the actin cortex, disrupting coherent myosin contraction (B) or misregulate myosin II contraction, causing over-contraction, similar to apoptotic cell blebbing (C). Further, the models are not mutually exclusive; moesin may structurally support actin and myosin II and regulate (blocking arrows) actomyosin to contract isometrically (A).
